ABSTRACT
INTRODUCTION
In the presence of a nonreassuring cardiotocogaph (CTG), fetal blood sampling (FBS) with pH assessment continues to play an important role in providing a more specific measure of fetal status than CTG alone since its introduction by Saling in 1967. A pH < 7.20 was chosen as cut-off value to recommend intervention. However, there are several limitations using pH readings including low specificity in separating transient respiratory acidosis from the more deleterious metabolic acidosis [1] [2] [3] .
Since the observational study by White et al. in 2010 [4] which found improved perinatal outcomes, independent of obstetric intervention, many Australian maternity hospitals have introduced routine umbilical cord blood lactate measurement following all births. For maternity units where formal umbilical cord blood lactate measurement using a standard blood gas analyser is not a feasible option, lactate analysis using a hand held meter is often performed in its place for a fraction of the cost [5, 6] . The accuracy of these portable hand held meter has not been tested rigorously in neonatal settings. If these lactate measurements are not accurate, there are important implications for current practices and future medico-legal interactions. The additional implication of such concerns involves FBS for lactate measurement, the results of which direct clinical interventions such as continuing labour, or more urgent delivery. In contrast to studies of pH values, there have not been many "real time" studies directly using fetal blood to validate the agreement of these devices with reference methods [7] [8] [9] . Furthermore, previous studies did not include samples with lactate concentration high enough to detect the proportional negative bias.
The aim of this study is to determine the concordance between bedside measurement of lactate using Lactate Pro and a reference blood gas analyser in low and high risk deliveries where lactate levels often surpass the 4.8 mmol/L threshold.
METHODS
A prospective study was carried out between June 2008 and April 2009 in Westmead Hospital, Sydney, Australia. Westmead Hospital has a tertiary-level maternity unit where over 5000 delivers take place each year. Umbilical cords from 285 babies born at 26 -42 weeks gestation were collected for all deliveries which warranted neonatal blood sampling at birth; these included non-elective caesareans, instrumental deliveries, deliveries where intrapartum scalp lactate was measured, deliveries where a paediatrician was requested, and complications such as meconium stained liquor, shoulder dystocia, APGAR < 7 at one minute or baby requiring resuscitation other than tactile stimulation occurred. An additional 16 cord blood samples were taken from 16 elective caesarean sections to give a more even spread of lactate values.
Each umbilical cord was double clamped immediately after delivery. Samples were collected and measured by a single independent researcher during working hours and by obstetricians, obstetric registrars and midwives after hours. Arterial samples were drawn from the umbilical artery followed by venous samples drawn from the umbilical vein using 23 gauge needles into pre-labelled 1 cm 3 pre-heparinised syringes and kept on ice. We have previously established that lactate remains stable over ice [10] .
One Lactate Pro hand-held device and one Radiometer ABL735 Series Acid-Base analyser was used ( Table 1) . The arterial and venous samples were analysed at the same time within 10 minutes of delivery. Samples were confirmed as being arterial or venous by comparing the pH and pO 2 values of paired venous and arterial samples from the Blood Gas Analyser. All data was recorded in Microsoft Excel. Agreement of the point of care (POC) device with the ABL735 Series Acid Base analyser reference method was assessed by Bland and Altman plots with mean difference and limits of agreement (estimated by mean difference ±1.96 standard deviation of the differences and provide an interval within which 95% of differences between measurements by the two methods are expected to lie). In addition, limits of agreement for the different cut off values of 4.8 and 4.0 mmol/L were studied.
As this study conforms to the standards established by the NHMRC for ethical quality review, ethics approval was not sought. All patients gave oral consent for the procedure.
RESULTS
A total of 301 umbilical cords [16 (Figures 1 and 2) .
Lactate Pro differentiated fewer deliveries to the "high risk" group (lactate result >4.8 mmol/L) and more deliveries to the "low risk" group (lactate result <2.2 mmol/L) for Lactate Pro, as compared to the ABL735 Series Acid-Base analyser, irrespective of arterial or venous samples. Both groups had similar number of deliveries in the "intermediate risk" group (lactate result 2.2 -4.7 mmol/L), again, irrespective of arterial or venous samples ( Table 2) .
A mean difference of 0.55 to 0.60 mmol/L in lactate readings were found between the two devices. Lactate Pro device recorded consistently lower values of lactate compared with ABL735 Series Acid-Base analyser. Limits of agreement between the two methods of measurement for arterial samples was −2.3 -1.2 mmol/L when Lactate Pro was compared to ABL735 Series Acid-Base analyser. Similar variance was found with venous values where the limits of agreement were −2.2 -1.0 mmol/L ( Table 3) .
Limits of agreement were calculated for specific cut offs. For low lactate values (< 4.8 mmol/L), the limits of agreement were -1.46 to 0.97 mmol/L and -1.29 to 0.62 mmol/L for arterial and venous samples respectively. Limits of agreement for high lactate values (≥ 4.8 mmol/L) were -3.21 to 0.88 mmol/L and -3.18 to 0.76 mmol/L for arterial and venous samples respectively (Table 3).
DISCUSSION
Lactate is a suitable alternative to pH analysis as it can provide discrimination between respiratory and metabolic acidosis. Metabolic acidemia develops when oxygen deprivation is of sufficient duration and magnitude to require anaerobic metabolism for cellular energy needs [11, 12] , of which lactic acid is the main organic acid contributing to the base deficit [13] . Various studies have identified significant correlations between umbilical artery lactate values and early indicators of neonatal condition, including Apgar scores, umbilical artery pH values and umbilical artery base excess values [14] [15] [16] [17] [18] [19] . Furthermore, cord blood lactate levels collected at delivery have been demonstrated to be equivalent to full blood gas analyses in predicting NICU admission, meconium aspiration, idiopathic respiratory distress syndrome, assisted ventilation, neurological abnormality, neonatal encephalopathy, HIE and neonatal death [5, 16, 20] . Recently published data based on a large population study of 21,182 term neonates showed that cord blood lactate and the level of neonatal resuscitation was the best predictor of HIE of 47 different predictive models evaluated [20] . In fact, determination of lactate in blood from the fetus's scalp during labour has been extensively studied since the 1970s [3, [21] [22] [23] [24] [25] [26] [27] . These observational studies have shown that lactate analysis has similar or better predictive properties compared with pH analysis in the identification of short term neonatal morbidity. Specifically, it is superior for Apgar score <4 at 5 minutes as well as in relation to moderate-to-severe HIE [27, 28] . In a recent meta-analysis [29] of randomized control trials, fetal scalp lactate testing was shown to be an accurate and reliable alternative to fetal scalp pH testing and more likely to be successfully undertaken. There are several other properties of lactate which make it an attractive biomarker; lactate has a relatively long half-life and corrects more slowly than pH [30, 31] , allowing cumulative hy-poxia to be measured [16] . In addition, lactate rises before pH drops in peripheral tissues [16] enabling earlier detection of hypoxia (1). Several methods are available for lactate testing including laboratory analyser methods; blood gas analyzers and hand-held lactate meters. Laboratory methods for measuring plasma lactate are based on enzymatic methods (lactate oxidase) with colorimetric detection. Laboratory based methods, because of the delayed turn around time, are not ideal when rapid patient decision making is required. In addition, samples are required to be sent on ice because of the labiality of lactate in blood specimens. Blood gas analysers can provide near patient testing for lactate but they are not always readily available in obstetric units. Furthermore, blood gas analysers require a sample volume that is often not achievable with fetal blood sampling.
Conversely, hand-held lactate meters offer greater ease of use, shorter time to result, smaller blood sample sizes, and lower cost compared to blood gas analysers. It has the potential to be used in rural and remote settings where laboratory technology may be unavailable due to costs and /or operator skill [32, 33] . A significant practical advantage is that the machines require less blood and thus fewer scalp incisions [34] . The most commonly used device is the Lactate Pro [ARKRAY, Kyoto, Japan] [32] . An earlier study sponsored by Lactate Pro showed a strong correlation between Lactate Pro and existing blood gas analysers up to lactate levels of 18 mmol/L. Nordstrom et al. compared the performance of Lactate Pro to a reference method, the Vitros LAC slide assay, using 120 samples obtained from the umbilical vein and artery. They determined that mean Lactate Pro values were 0.4 mmol/L lower than the lactate reference method over a range of 2.1 to 5.3 mmol/L [8] . However their study did not include samples with lactate concentration high enough to detect the proportional negative bias. In the first part of the study, we found insignificant differences between Lactate Pro and blood gas analyser at low lactate values [10] . Although the manufacturer's specifications indicate Lactate Pro measures lactate concentrations in whole blood between 0.8 and 23 mmol/L, few studies have explored its accuracy at such high lactate levels. Lactate levels should also be interpreted with caution as Westgren et al. (1995) found the specificity of lactate to be 0% -44% when predicting various neonatal outcome measures. Raised lactate is not specific of increased anaerobic metabolism [6] but may also arise from maternal glucose administration, beta-mimetic drugs and the fetal intrapartum catecholamine surge.
In previous studies comparing different Lactate measuring devices, Pyne et al. (2000) found limits of agreement to be −1.83 to 2.09 mmol/L between Lactate Pro and blood gas analyser for lactate values of 1 -18 mmol/l (r = 0.98) in elite athletes [32] . The limits of agreement were validated in a study by Tanner et al. 2010 where they were ±2.1 mmol/L [33] . Our previous study showed there were good levels of agreement at low lactate levels in elective Caesarean sections [10] . The between-run coefficient of variation was 3% -5% [8, 35] and may be as high as 8.4% in our study, which related to neonates at risk of birth hypoxia. The Bland-Altman plot suggests an association between the difference in readings from Lactate Pro and ABL735 Series Acid-Base analyser. Lactate Pro device recorded consistently lower values of lactate compared with ABL735 Series Acid-Base analyser. We found that Lactate Pro underestimates values by up to 2.3 mmol/L and overestimates values by up to 1.2 mmol/L when compared to ABL735 Series Acid-Base analyser. For example, a reading of 4.0 mmol/L could mean a level of 2.8 mmol/L, providing reassurance, but could also mean a level of 7.2 mmol/L which would signify significant metabolic acidosis in the newborn. Although our results only deal with neonatal umbilical blood sampling, we can extrapolate that using Lactate Pro for fetal scalp lactate sampling will have similar discrepancies.
A Cochrane systematic review meta-analysis recommended that the cut-off for intervention needs to take into consideration the device used [29] . The present cut off value of 4.8 mmol/L in obstetrics units worldwide is based on a randomised control trial conducted by Kruger in 1999 where it represented the 75 th percentile. They found it led to a similar rate of intervention as a pH of 7.2. While we acknowledge the validity of the study as it measures fetal scalp lactate directly, our study on newborn lactate using the same device urge us to be cautious with higher lactate levels. In our study, we found that at a lactate level of 4.8 mmol/L, the limits of agreement were extremely wide and could lead to systemic underestimation. For example, a 4.8 mmol/L Lactate Pro reading could actually reflect a lactate level of 8.0 mmol/L (limits of agreement -3.21 to 0.88 mmol/L). In our study, the 75 th percentile reflected an arterial lactate value of 5.0 mmol/L, demonstrating a similar population group to the Kruger study. We searched for a lactate level which could provide us with more reassurance. Upon re-analysing samples from high-risk deliveries, we found the 68% confidence interval for lactate levels ≥ 4.2 mmol/L resulted in limits of agreement to be −1.85 to 0.37. This means a Lactate Pro reading of 4.2 mmol/L could mean 6.0 mmol/L, an acceptable level during delivery, but we can only be 68% confident. This is supported by the cutoff value of 4.2 mmol/ L recommended following an observational study by Allen 2004 [36] (Boeringer, Mannheim, East Sussex, UK) and a report by Smith 1983 [25] . The determination of an optimum cut off level is a delicate balance as lactate levels below 4.8 mmol/L will cause a large number of false negatives [27] whilst levels above 4.8 mmol/L can result in HIE. Therefore the cut-off lactate value must be considered specifically for the lactate meter in use. One option for those developing guidelines for their institution may be to base their recommendations on values used in studies performed with the specific lactate meter in use at the hospital's birthing facility. Luttkus and colleagues evaluated three lactate biosensors and one test-strip device (Lactate Pro) regarding precision in serial and repetitive measurements in over 1350 samples of fetal whole blood. Blood tonometry which simulated conditions of fetal hypoxia demonstrated an increase of SD and coefficient of variation in all devices, which reinforced how users should be aware of the errors associated with different devices before a clinical decision is made [37] .
This raises the question of whether we should be attempting to take larger fetal scalp samples for ABG analysis instead. Westgren et al. performed a randomized multi-center control trial enrolling 341 cases in which the fetal heart rate patterns were ominous (pH determined in 169 and lactate in 172) who had undergone FBS. No significant difference was found between the two groups with regards to mode of delivery or neonatal outcome [31] . They concluded that lactate is comparable to pH in regards to intrapartum fetal monitoring. He also showed significantly fewer failures in sampling with lactate analysis (odds ratio 16.1, 95% confidence interval 5.8 to 44.7). The limited size of the study however, meant it could not compare metabolic acidaemia at birth or HIE. Kruger et al. performed a larger retrospective study of 1709 patients (pH determined in 1221, lactate in 814, and both in 326) who had undergone FBS. They reported that scalp lactate of 4.0 mmol/L was predictive of an Apgar < 7 at 1 min and 4.4 mmol/L was predictive of any level of HIE. They concluded that the scalp lactate level had a better sensitivity than scalp pH as a marker for neonatal neurologic disability [27] . By drawing ROC curves, these authors calculated areas under curves which were significantly in favor of lactate samplings as compared to pH in the prediction of an Apgar score <4 at 5 min and of cerebral palsy.
One of the strengths of our study includes having one independent researcher for collection of samples during working hours to ensure consistency and reliable technique. Furthermore this is a "real time" study directly using neonatal blood from a range of deliveries ranging from elective caesareans to emergency deliveries; providing a scope that would be encountered in clinical practice. The limitations of our study include using cord blood data for analysis. We use this data to infer correlations with fetal scalp sampling. Umbilical cord blood is known to be generally more acidic than fetal scalp blood as the fetus becomes gradually more acidic during the course of labor and delivery [26] . However, fetal blood is very similar in characteristics and composition to umbilical cord blood (low partial oxygen pressures and high hematocrit).
Conclusion
Lactate machines were originally developed for monitoring lactate levels following exercise or sporting activities in order to enhance training regimes. Some of these meters have migrated from a sports application to use in a hospital setting without significant change in their design. It is important that before a POC lactate method is implemented for fetal blood lactate testing, the decisionmaking criteria implemented be adjusted according to the device used. This study suggests that perhaps a lower cut-off reading for POC machines of 4.2 mmol/L may be needed in order to attain an acceptable limit of agreement. This may improve its clinical utility and avoid missing false negatives. With the emergence of new hand-held hospital lactate meters e.g. StatStrip Lactate, it is important to conduct validation studies prior to determining requirements of a meter-specific cut-off value. A systemic overestimation of lactate levels may lead to unnecessary intervention. More deleteriously, a systemic underestimation of lactate levels may result in delayed intervention, compromising fetal outcome.
